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	Abstract	
During	 asphalt	mixture	 service	 life,	 its	 structural	 and	 physical	 capabilities	 deteriorate	 progressively.	 A	
modal	analysis	using	impact	hammer	excitation	technique	is	put	forward	to	measure	the	damping	factor	
instead	 of	 the	 commonly	 destructive	 test	 described	 in	 the	 standards.	 Concerning	 to	 this	 modal	
approach,	 an	 aging	procedure	 is	 presented	 to	obtain	 and	 compare	 the	 vibration	 attenuation	 capacity	
variation	of	the	mixtures	considering	aging	deterioration.		In	this	research,	this	new	procedure	has	been	
applied	to	asphalt	concrete	and	stone	mastic	asphalt	mixtures	with	different	amounts	of	Polyethylene	
Terephthalete.	 It	 has	 been	 validated	 using	 results	 from	 four-point	 bending	 test.	 Finally,	 the	 results	








Nowadays,	 it	 is	well	 known	 that	physical	 and	 chemical	 properties	of	 asphalt	mixtures	 change	during	 its	
service	 life	 [3].	 This	 situation	 is	 produced	 by	 asphalt	 binder	 aging	 which	 produces	 the	 pavement	
deterioration	[6,	7].	
As	 stated	 by	 Fernandez-Gomez,	 et	 al	 [8],	 the	 change	 of	 asphalt	 mixture	 properties	 depends	 on	 both	
intrinsic	and	extrinsic	variables.	Thus,	asphalt	aging	 is	 subjected	 to	 the	 type	of	mixture	used	 (content	of	
binder,	mixture	void	content,	nature	and	particle	size	distribution	of	the	aggregates,	etc.),	environmental	
conditions	 (e.g.	 temperature,	 UV	 irradiation,	 oxygen)	 and	 time	 [9].	 The	 mixture	 aging	 process	 may	 be	
divided	in	two	stages:	short-term	aging,	which	is	produced	during	mixing,	storage,	laying	and	compactation	
operations,	and	long-term	aging,	which	is	produced	during	its	service	life	[10].	
In	 addition,	 the	 aging	 phenomenon	 consists	 of	 two	 types	 of	 deterioration	 mechanisms	 classified	 as	
reversible	or	 irreversible	ones	 [6].	 	 The	 reversible	mechanism	corresponds	 to	 the	molecular	 structuring,	
also	 called	 physical	 hardening,	 and	 the	 second	 one	 is	 characterized	 by	 chemical	 changes	 (oxidation,	
volatilization,	exudation,	UV	irradiation)	of	the	binder	affecting	its	rheological	properties		[8,11].		
The	 current	 state	 of	 knowledge	 on	 this	 topic	 shows	 that	 oxidation	 is	 one	 of	 the	 most	 important	
environmental	 factors	 affecting	 the	 durability	 of	 the	 asphalt	 mixtures	 [3,	 12,	 13,	 14,	 15].	 Oxidation	 is	
defined	 as	 the	 chemical	 interaction	 between	 the	 asphalt	 and	 the	 atmospheric	 oxygen	 resulting	 in	 an	
irreversible	 transformation	 of	 the	 asphalt	 composition,	 hence	 changing	 its	 chemical	 and	 physical	
properties	 [14].	 The	main	 structural	 consequences	 produced	 by	 oxidation	 aging	 are	 the	 hardening	 and	
embrittlement	of	the	asphalt	[15].	Regarding	to	the	viscosity	of	the	asphalt	mixture,	the	oxidation	reduces	




information	 about	 the	 aged	mixtures,	 and	 compare	 them	with	 the	 unaged	 ones.	 For	 instance,	 Lu	 and	
Isacsson	[9]	used	the	Thin	Film	Oven	Test	 (TFOT),	 the	Rolling	Thin	Film	Oven	Test	 (RTFOT)	and	modified	







into	 account	 asphalt-aggregate	 interaction	 effects	 on	 aging	 since	 the	 asphalt	 molecules	 interact	 with	
aggregates.		
The	Strategic	Highway	Research	Program	[14]	considered	that	the	results	obtained	for	an	asphalt	mixture	
may	be	different	 from	 the	 asphalt	 binder	 results	 and,	 therefore,	 proposed	different	 aging	protocols	 for	
them.	 The	most	 common	used	 have	 been	 the	 short-term	oven	 aging	 (STOA)	 and	 long-term	oven	 aging	
(LTOA).	STOA	is	applied	to	asphalt	mixtures	prior	to	compactation	using	a	draft	oven	at	135oC	for	4h.	In	the	
case	of	 LTOA,	 the	aging	of	 the	asphalt	mixtures	 is	obtained	after	 introducing	compacted	samples	 in	 the	
oven	at	85oC	during	almost	120h.			




utilization.	 This	 material	 comes	 from	 waste	 plastic	 bottles	 and	 is	 stored	 in	 landfills	 creating	 an	
environmental	problem	due	to	its	non-biodegradability	[17].	
Moghaddam	et	al.	[17,	18]	studied	permanent	deformation	characteristics	of	Polyethylene	Terephthalate	








different	 amount	 of	 PET	 with	 the	 objective	 to	 study	 their	 stiffness	 and	 fatigue	 resistance.	 The	 results	
obtained	from	the	indirect	tensile	stiffness	modulus	test	and	indirect	tensile	fatigue	test	showed	that	lower	
amount	of	PET	 content	 increases	 the	 stiffness	modulus	of	 the	mixture,	 and	higher	PET	amount	 content	












asphalt	 binder	 or	 asphalt	 mixtures	 simulating	 short-term	 or	 long-term	 aging.	 In	 all	 cases,	 additional	
laboratory	test	are	required	to	obtain	the	desired	properties	of	the	unaged	and	aged	specimens	tested.		
The	 damping	 factor	 is	 a	 very	 important	 material	 parameter	 which	 indicates	 the	 vibration	 energy	
attenuated	 during	 a	 cycle	 of	 vibration	 [22].	 It	 can	 be	 obtained	 from	 the	 four	 –point	 bending	 test	 on	
prismatic	shaped	specimens	according	with	the	European	Normative	EN-12697-24:2004	[23].	
The	 regular	 procedure	 to	 obtain	 this	 information	 would	 be	 as	 follows:	 different	 specimens	 are	
manufactured	and	divided	in	two	sets.	The	first	set	of	specimens	is	tested	with	the	four-point	bending	test	
in	 accordance	 with	 the	 European	 Normative	 [23].	 This	 laboratory	 test	 provides	 information	 about	 the	
damping	factor	of	the	unaged	mixtures.	Then,	the	aging	method	(LTOA)	is	applied	to	the	second	specimens	
set.	The	LTOA	residues	are	tested	applying	the	four-point	bending	test	[23].	In	this	case,	the	information	






may	be	 tested	 to	 characterize	both	unaged	 and	 aged	mixtures.	A	modal	 analysis	 using	 impact	 hammer	
excitation	technique	was	elected	to	substitute	the	four-point	bending	test	due	to	is	one	of	the	widely	used	
non-destructive	techniques	to	examine	the	vibration	characteristics	of	materials	[24,	25,	26].	 In	addition,	
impact	hammer	excitation	 technique	 is	 the	 simplest	method	 for	modal	 testing	with	 low	 costs	 and	 time	
[27].	
The	 new	 aging	 procedure	 conducted	 in	 this	 research	 is	 explained	 afterwards.	 Firstly,	 different	 asphalt	
mixtures	(asphalt	concrete	and	stone	mastic	asphalt)	with	different	PET	percentages	were	manufactured	
using	 dry	 process.	 Secondly,	 these	 asphalt	mixtures	were	 tested	 using	 the	 experimental	modal	 analysis	











PET	 so	 as	 to	 characterize	 unaged	 and	 aged	 asphalt	mixture	 behavior	 in	 terms	 of	 vibration	 attenuation	















0	%	 AC	 0	 4	 91	 5	
0.5%	 AC	 0.5	 4	 90.5	 5	
1%	 AC	 1	 4	 90	 5	
1.5%	 AC	 1.5	 4	 89.5	 5	
2%	 AC	 2	 4	 89	 5	
4%	 AC	 4	 4	 87	 5	
0	%	 SMA	 0	 5	 86.8	 8.2	
0.5%	 SMA	 0.5	 5	 86.3	 8.2	
1%	 SMA	 1	 5	 85.8	 8.2	
1.5%	 SMA	 1.5	 5	 85.3	 8.2	
2%	 SMA	 2	 5	 84.8	 8.2	
4%	 SMA	 4	 5	 82.8	 8.2	
	




test	on	prismatic	 shaped	 specimens	 so	 as	 to	 allow	 comparison	analyses	with	 statistically	 representative	
results.	The	other	one	was	used	to	implement	the	new	aging	procedure	presented.		Only	one	specimen	of	










































CHARACTERISTICS	 NORMATIVE	 UNIT	 B	50/70	
Penetration	(25	oC)	 1426	 0.1	mm	 50-70	
Softening	point	 1427	 oC	 46-54	
Aging	resistance	














Flash	point	 ISO	2592	 oC	 >230	
Solubility	 12592	 %	 ≥99.0	
	
Plastic	waste	material.		
PET	 from	waste	 plastic	 bottles	 has	 been	 used	 in	 this	 research.	 This	material	 is	 considered	 as	 polyester	
material	since	it	 is	a	semi-crystalline	thermoplastic	polymer	[18].	This	material	has	been	studied	for	SMA	















of	 the	 imaginary	modulus	 (E’’)	 and	 real	modulus	 (E’).	 They	 represent	 the	 viscous	 and	 elastic	 behavior,	
respectively.	Equation	1	shows	the	relation	between	them.	
	








	( ) '/''tan EE=j 	 	 	 	 	 	 	 	 	 (2)	
	





























bars	 (3).	 The	 correct	 location	 of	 the	 specimen	 must	 be	 done	 with	 special	 care	 since	 the	 acceleration	
depends	on	the	support	distances	and	boundary	conditions.	Bars	were	located	on	the	nodal	positions	of	
the	 theoretical	mode	shapes	 in	order	 to	simulate	adequately	 the	 free	boundary	condition	 in	 laboratory.	
Elastic	 fasteners	 were	 used	 in	 order	 to	 maintain	 the	 bars	 in	 a	 fixed	 position	 (Figure	 3).	 These	 elastic	
fasteners	were	located	also	in	the	nodal	points	to	not	affect	adversely	the	vibration	of	the	specimen.	
Therefore,	 previously	 to	 the	 disposition	 shown	 in	 Figure	 2,	 a	 modal	 analysis	 of	 each	 specimen	 was	
conducted	 using	 finite	 element	 methods	 by	 ANSYS	 software	 package	 (Figure	 4).	 Nodes	 were	 selected	










Once	 the	 specimen	 model	 deformations	 were	 obtained	 for	 the	 first	 bending	 mode	 of	 vibration,	 the	
measurement	and	impact	point	 locations	were	decided.	Triaxial	accelerometers	(4)	were	located	at	both	
ends	 of	 the	 specimen	 as	 indicated	 in	 Figure	 2.	 This	 decision	 was	 made	 taking	 into	 account	 two	 main	
principles:	maximum	distance	between	them	and	first	bending	mode	must	be	registration.	Impact	hammer	










of	a	mode,	 the	overall	vibration	shape	will	 tend	 to	be	dominated	by	 the	mode	shape	of	 the	 resonance.	
Thus,	 only	 the	 first	 bending	 mode	 was	 needed	 to	 be	 studied	 since	 the	 frequencies	 of	 the	 four-point	
bending	test	were	under	the	natural	frequency	of	this	mode.	Secondly,	damping	of	the	material	depends	




Test	 principle.	 Results	 obtained	 for	 the	 test	 are	 accelerations	 in	 the	 time	 domain	 for	 each	 specimen	





( ) )sin(1 rwxw += - tAetx nt 		 	 	 	 	 	 	 (4)	
	
Where	x	 is	 the	displacement,	A	 is	 the	maximum	amplitude	of	vibration	 in	case	of	a	perfect	elastic	solid,	


























	meA = 	 	 	 	 	 	 	 	 	 	 (7)	




x n-= 	 	 	 	 	 	 	 	 	 	 (9)	
As	 shown	 eq.	 9,	 n	 and	 	 must	 be	 known	 to	 calculate	 the	 damping	 factor.	 n	 is	 obtained	 from	 the	
acceleration	 envelope	 adjustment	 and	 	 was	 obtained	 from	 the	 numerical	model	 for	 each	 specimen.	
Modal	analysis	was	used	 to	calculate	 the	 first	eigenfrequencies	of	each	specimen.	After	obtaining	 these	
results,	 	could	be	determined	using	equation	10	[32].		
nfm









































damping	 ratio	 indicate	 that	 the	vibration	attenuation	capacity	 is	higher	 in	all	mixtures	with	0-2%wt	PET	
content.	 Then,	 higher	 PET	 content	 is	 not	 fruitful	 since	 the	 mixtures	 present	 worse	 behavior	 than	 the	
expected	with	PET-less	mixtures.	The	damping	factor	remains	nearly	unchanged	between	1-2%	of	waste	
PET.	 Nevertheless,	 damping	 factor	 experiments	 a	 sharp	 increase	 with	 0.5%	 of	 PET	 in	 both	 mixtures	
analyzed.			





As	 it	 can	be	seen	 in	Figure	9,	damping	 factor	 increases	between	0	and	0.5%	and	 then	decreases	as	PET	
content	rises.	The	trend	showed	in	Figure	9	is	not	the	same	for	asphalt	concrete	and	stone	mastic	asphalt.	
Only	in	the	case	of	stone	mastic	asphalt,	a	stabilization	of	the	damping	factor	appears	between	1.5	and	2%	
of	PET	 content.	 In	 the	 case	of	 asphalt	 concrete,	 an	 increase	of	PET	 content	produces	a	decrease	of	 the	
damping	factor	almost	linearly.		
In	this	case,	the	largest	damping	factor	value	appears	with	0.5%	of	waste	PET	in	both	asphalt	concrete	and	
stone	mastic	 asphalt	mixtures.	Moreover,	 PET	 content	 between	 0-2%	 produces	 a	 damping	 ratio	 higher	











Figure	11	 shows	 the	 results	 for	each	 test	method	used	 to	 characterize	 the	damping	 factor	of	 the	 stone	
mastic	asphalt.		
	Figure	11.	Damping	factor	comparison.	










It	 is	 important	 to	 take	 into	 account	 that	 a	 small-scale	 vertical	 axis	 has	 been	 defined	 to	 appreciate	 the	
differences	between	both	 test	 results.	Once	 these	differences	have	been	discussed	before,	 the	 average	










































been	 obtained.	 Additionally,	 the	 average	 errors	 calculated	 in	 the	 measurements	 are	 smaller	 than	 the	
accepted	in	the	literature	to	validate	methods	for	estimating	dynamic	parameters	(frequencies,	damping	
factors	and	mode	shapes)	[34].	It	can	be	conclude	that	the	impact	hammer	test	proposed	can	estimate	the	








Figure	 12	 shows	 the	 results	 of	 the	 damping	 factor	 for	 each	 asphalt	 concrete	 and	 stone	mastic	 asphalt	
analyzed.		These	results	shown	the	same	trend	obtained	with	the	unaged	specimens	with	the	exception	of	
the	stone	mastic	asphalt	with	2%	of	waste	PET	material.	 In	 this	case,	 the	damping	 factor	experiments	a	
slight	upturn.		
It	 is	 important	 to	 highlight	 that	 aggregate	 gradation	 plays	 an	 important	 role	 in	 asphalt	mixtures.	 Thus,	
damping	factor	of	the	aged	stone	mastic	asphalt	is	still	larger	than	the	obtained	for	aged	asphalt	concrete.		




















are	 available	 in	 the	 stone	 mastic	 asphalt,	 hence	 strong	 oxidation	 may	 appear	 explaining	 the	 results	






of	 this	 test	 procedure	 is	 to	 obtain	 information	 about	 the	 damping	 factor	 of	 both	 unaged	 and	 aged	







the	 time	 and	 moreover,	 on	 the	 type	 of	 asphalt	 mixture.	 In	 this	 situation,	 different	 vibration	
attenuation	capacity	is	obtained	for	each	mixture	considering	the	same	asphalt	binder,	thus,	it	is	
demonstrated	 that	 aggregate	 gradation	 and	 its	 interaction	 between	 binder	molecules	 plays	 an	
important	role	in	the	aging	procedure.	
- The	 comparison	 between	 unaged	 and	 aged	 results	 demonstrates	 that	 oxidation	 causes	 a	
decrement	of	the	damping	factor,	and	therefore	reduces	the	capacity	of	the	mixture	to	mitigate	
vibrations.		
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